The work presented here addresses the issue of tuning PD controllers for controlling integrating plus deadtime (IPDT) processes using settling time and gain and phase margin specifications. Tuning formulae are 
Introduction
The problem of controlling integrating plus dead time (IPDT) processes has received significant attention during recent past [1, 2, 3, 4, 5] . Numerous PI, PD and PID controller tuning methods for intergrating processes have been proposed earlier [6, 7, 8, 9, 10, 11] . Integrating processes are open loop unstable because of pole at origin. In addition, existence of dead-time along with the integrator makes it difficult to tune a PI, PD or a PID controller for controlling the resulting integrating plus dead-time (IPDT) process. The paper discusses the use of PD control for IPDT process, assuming that the IPDT process, by its integrating nature, should not require integral control action at all. However, to subvert the effects of load disturbances, integral action is required. Instead of using a full three mode PID controller, the use of disturbance observer is suggested for taking into account load disturbances, as integral action necessitates Cluett [5] , Sree and Chidambaram [6] and Ali and Majhi [3] .
The paper is organized in the following manner. Section 2.1 deals with the derivation of the tuning rules for PD controller using settling time (T s ), gain margin (A m ) and phase margin (φ m ) specifications. Section 2.2 enumerates a step by step procedure to get tuning parameters for a PD controller to control a given IPDT process. Section 2.3 gives the guidelines for selecting ω pc and ω gc frequencies required for designing the PD controller. Section 3.1 starts with assumption of the IPDT process to be controlled and then 
Controller Design

Derivation of tuning rules for PD controller
Consider an integrating plus dead-time (IPDT) process, given by the transfer function
which is to be controlled by a PD controller of the form,
The loop transfer function is given by,
where K p is the process gain, d is the dead-time, K c is the proportional gain and T d is the derivative time.
From the definitions of gain margin,
and from definitions of phase margin,
where A m is the gain margin, φ m is the phase margin, ω gc is the gain crossover frequency and ω pc is the phase crossover frequency.
In context of equation (5), the phase margin for loop transfer function for process with PD controller is given by
and
We get the following equation on simplification
Re-arranging the equation, we have,
where, φ m PD is the phase margin and ω gc PD is the gain crossover frequency for loop transfer function defined by equation (3) . The value of ω gc PD has to be pre-specified so as to achieve desired closed loop performance.
Also, in context of equation (4), we can write the following equation,
The above equation can be re-arranged as,
where, A m PD is the gain margin and ω pc PD is the phase crossover frequency for loop transfer function defined by equation (3) .
Equations (9) and (12) give the derivative time and proportional gain respectively for a PD controller used for controlling an IPDT process given by equation (1).
PD controller design procedure
For the integrating plus dead time process G I (s) having model as equation (1) 2. Specify the gain and phase crossover frequencies (ω gc PD ) and (ω pc PD ) indirectly by specifying desired settling time (T s PD ) as per equation (13). Refer to Section 2.3 for guidelines on selecting ω pc and ω gc frequencies.
3. Calculate T d PD using the values specified above in equation (9) . Ignore the negative sign if the value of T d is negative, as derivative time cannot be negative.
The value of K c PD can be obtained by substituting the values of T d PD obtained in the previous step,
A m PD , φ m PD , and ω pc PD in equation (12).
Guidelines for selecting ω pc and ω gc frequencies
Performance specifications in terms of frequency domain parameters are not as intuitive as time domain specifications for an average plant operator. The choice of the crossover frequencies ω pc and ω gc for getting reasonable controller parameters can be challenging.
The frequencies ω pc and ω gc can be specified indirectly in terms of settling time (T s ) as described in [12] . The desired settling time can be intuitively specified, to find the values of ω pc and ω gc as,
The frequencies thus selected for computation of controller parameters are the frequencies that have greatest influence on the time domain performance [12] .
Simulations and comparison of results with other tuning methods
Consideration of process and controller tuning parameters for simulation
Simulations are carried out on process defined by equation (1) with K p = 0.0506 and d = 6 s.
The tuning parameters in Wang-Cluett's method [5] are selected as ζ = 1 and β = 3. The settings for proposed PD controller are obtained by assuming settling time (T s PD = 40 s), gain margin (A m PD = 2 = 6.0206 dB) and phase margin (φ m PD = π rad = 180
• ). Table 1 shows the controller parameters used in the simulation studies for various tuning methods. 
Comparison of tuning methods with respect to step responses
The step responses for IPDT process given in (14) for respective methods are shown in Fig. 1 . The set point used is a unit step signal.
The comparison of the responses is made based on the time domain specifications of rise time, settling time and overshoot. This comparison is tabulated in Table 2 .
From the comparisons made from Table 2 , it can be inferred that proposed PD tuning method provides smaller values of settling time and overshoot. Another criterion considered for comparison is the control effort defined in terms of the energy spent by the controller in controlling the process i.e. the energy of the control signal (E u(t) ) defined by,
where, t is the simulation time and [0 T ] is the simulation time interval. Comparison results are tabulated in Table 4 . 
Comparison of tuning methods with respect to servo responses
In order to judge the proposed tuning methods set point tracking ability, the set points were applied to the closed loop system as, Tables 5 and 6 respectively. 
Comparison of process output responses for different values of gain margin (A m ) and settling time (T s ) specifications
The effect of input specifications like gain margin (A m ) and settling time (T s ) as described in Section 2.2, on the response of a process given by equation (1) controlled by the resulting PD controller is demonstrated here. Above Fig. 3 shows process output responses for the process given by equation (14) when 
Regulatory control using proposed PD controller
Use of disturbance observer with proposed PD controller
The proposed controller being a PD controller, will fail to reject any permanent disturbances that act on the IPDT process. In order to make the proposed PD controller cope up with permanent load disturbances, a disturbance observer consisting of the IPDT process model G M (s) and a gain Kc with the arrangement suggested in Fig. 5 can be used. D(s) is the unmeasured disturbance acting internally on the process and D(s) is the approximation of the disturbance generated by the disturbance observer. Under influence of disturbance, the control signal applied to the IPDT process will be U(s) = U PD (s) − D(s). It is therefore essential that D(s) closely follows D(s). The behaviour of the disturbance observer can be described analytically by the equations that follow.
With reference to Fig. 5 ,
Also,
and,
Using equations (17) and (18) in (19),
If perfect modeling is assumed,
Then, by rearranging above equation (20), we have,
Equation (22) represents the transfer function of the disturbance observer. From equation (22) The disturbance observer must approximate the disturbance affecting the process quickly for better regulatory response. The disturbance and its approximation generated by the disturbance observer are shown in Fig. 8 . Table 7 shows the comparison of proposed scheme and other tuning methods with respect with disturbance observer
Servo plus regulatory responses
Also, when the process is required to perform servo as well as regulatory control , the comparison of such responses obtained by using proposed scheme and other tuning methods is shown in Fig. 9 . with disturbance observer
From comparisons in Table 8 the servo plus regulatory response of the proposed is acceptable when compared to other responses. At the same time, it can be seen that proposed control scheme is efficient in terms of control energy as reasonably less control effort is required as compared to other methods.
Conclusion
An approach for controller tuning comprising of both process transfer function based and frequency response based approaches was discussed for tuning PD controllers for integrating plus dead-time processes.
The tuning rules can be easily computed by knowledge of process transfer function and intuitive specifica- 
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